trace elements by AMD can cause a continual increase in contamination in both surface and groundwaters in the studied region. There are a small number of studies related to AMD on some ore deposits in the eastern Black Sea region (Çayeli, Rize; Akçil and Çiftçi, 2003) and in the northwest of Turkey (Baba and Gündüz, 2010; Şanlıyüksel and Baba, 2013) , but no research has been conducted on the degree of pollution in the study area. The present study investigated the influence of acidic mine drainage on the quality of water in rivers and streams, and spring and drainage waters in different parts of the Giresun (Espiye and Tirebolu) region in northeastern Turkey. Another aim was to compare variation in the physicochemical parameters and concentration levels of certain heavy metals and toxic trace elements (i.e. As, Cd, Co, Cu, Cr, Fe, Mn, Ni, Pb, Se, and Zn) with each other and national and international standards. The elements are preferentially mobilized under acidic conditions and constitute potentially problematic situations in acid waters (Smedley et al., 1996) . In the study area, the pHs of some waters range from 1.92 to 8.98 with an average of 5.77, but most are of strongly acidic character (Table 1; Figure 3 ). Due to contamination of the water, some element concentrations are higher than the maximum recommended values; therefore, drinking waters may cause health problems in residential districts. As shown in Tables 1 and 2 , some of the results of the stream and partially river water, used for drinking, agriculture, and animal husbandry, exceed the values suggested by the national and international standards. Therefore, consumption of some of these waters may cause health problems. Some of the effects of the waters on human health will be discussed below.
Materials and methods
This study was conducted in the active and abandoned mines areas in Espiye (Giresun) in the Eastern Black sea region, where the largest VMS deposits were formed in Turkey (Figure 1) . Rivers, springs, streams, and drainages affected by the old galleries of the mine shafts, piles of slag waste, and seepages were sampled at 40 points, and onsite measurements of the physical properties of the waters were made. Köprübaşı, 1992) . (Table 1) .
Climatologically, the study area is situated in Black Sea climate zones. Climate in Giresun (Espiye and Tirebolu) region is characterized by long periods of warm and temperate weather in all seasons, and is partially cold in winters. Rainfall is distributed throughout the seasons and the dry period is relatively short. The annual rainfall is 1258 mm/year, with an average of 105 mm/month and a minimum of 68.5 mm (May). Precipitation is commonly in the form of rain, and the highest rainfall occurs in autumn. According to the data from Giresun meteorological station, long-term mean annual temperature is 17.8 ° C, with a maximum of 36.0 °C (August) and a minimum of -4.9 °C (February).
The ore-bearing rocks have been uplifted to form a mountain range that rises from sea level to peaks up to 1100 m above sea level a few kilometers from the seaside. The Killik and Kızılkaya mines are located in the southern part of the study area forming a steppe and 890-1000 m above sea level on the flanks of the main mountain range. WHO (1996 WHO ( , 2000 WHO ( , 2003 WHO ( , 2007 WHO ( , 2008 WHO ( , 2011 The water samples were collected with great care to prevent contamination with soils. Some of the springs, streams, and rivers have been used by nearby residents as drinking water and/or for agriculture and husbandry. However, the morphology is steep, and the valleys are narrow and deep, and so agriculture and husbandry are very limited. Barley, wheat, and some vegetables (e.g., corn, tomatoes, potatoes, and beans) are the major crops and are partially cultivated along with sheep husbandry. Some insitu parameters, such as pH, electrical conductivity (EC, µS/cm), temperature (T, °C), and dissolved oxygen (DO, mg/L), were measured on-site using a portable water quality meter (WTW 340i). Temperature (T, °C), electrical conductivity (EC, µS/cm), and pH were measured at an accuracy of 0.01. The pH meter was calibrated using pH 2, 4, and 7 buffer solutions, and the EC was calibrated using a 0.01 mol/L KCl conductivity standard (1278 at 20 °C and 1413 at 25 °C).
During sampling, water samples were filtered through 0.45-µm filter paper; double-capped polyethylene bottles were shaken twice with distilled water and then filled with sample without leaving an air space. For anion and metal analysis, water samples were separately taken into 250-mL bottles. The water samples taken for metal analysis were acidified to pH < 2 with ultra-pure nitric acid (1% by volume) on site. The samples were later placed in a refrigerator at 4 °C to prevent variations in the physicochemical characteristics of the metals before analysis. The water samples were also filtered in the laboratory. The digested sample solutions, produced by the acid digestion method, were analyzed using inductively coupled plasma mass spectrometry (ICP-ES, ICP-MS) for Pb, Cu, Ni, Zn, As, and other elements at Acme Laboratories (Vancouver, Canada).
Geologic setting
The study area comprises an extensive volcanosedimentary sequence, and the sequence was deposited in a magmatic arc basin during northward subduction of Paleotethys oceanic crust during the Upper JurassicLower Cretaceous (Saner, 1981; Şengör and Yılmaz, 1981; Çağatay, 1993) . The stratigraphy is composed mainly of Upper Cretaceous and Tertiary basic to acidic volcanic rocks and intruding granitic batholiths ( Figure 2 ). The volcanic activity resulted from an extensional regime and associated rifting and deepening of the intra-arc basins during the Upper Cretaceous after cessation of extensionrelated arc volcanism in the Upper Jurassic-Lower Cretaceous (Görür, 1988) . The basic series is dominantly composed of basaltic pillow lavas and subordinate felsic lavas of tholeiitic and calc-alkaline affinity (Akçay and Moon, 2001) . These units are overlain by dacitic volcanics of the Lower acidic series, which are, in turn, unconformably covered by basic and acidic series of Upper Cretaceous to Tertiary age (Akçay and Moon, 2001 ). The footwall dacite encloses both VMS and vein type deposits, and can be observed through the eastern Black Sea. The hanging wall dacite overlies the VMS deposits, and shows slight to strong alteration owing to fluid-rock interaction. These volcanic successions host numerous VMS deposits, including Lahanos, Ağalık, Karaerik, Killik, Kızılkaya, Şahinyuva, Karılar, Harşit, Harköy, Siyezik, İsraildere, and Dikmen, as well as other minor occurrences ( Figure 2) .
Massive or disseminated pyritic, polymetallic stratabound ore lenses associated with discordant stockwork feeder zones occur in different sites of the Dacitic series. The black-ore mineral assemblages are chalcopyrite, sphalerite, galena, chalcocite, covellite, bornite, and tetrahedrite. Potassic, phyllitic (sericitic), argillic (kaolinitic and smectitic), silicic, propylitic, and hematitic alteration types are generally widespread near the ore deposits (Karakaya et al., 2007 (Karakaya et al., , 2011 (Karakaya et al., , 2012 . The alteration zones spread 350 m to 2 km from the ore bodies both in the footwall and hanging walls and detailed major and trace element behaviors and or enrichments were determined in the different alteration types (Karakaya et al., 2012) . The authors also explained the cause of element behavior. Strong Si and Fe enrichment and severe leaching of major oxides occur, particularly Na 2 O, CaO, and MgO, in the silicic-, moderately-, and hematitic-altered rocks, while K 2 O is usually enriched in the potassic-, phylliticand moderately-altered rocks. Strong variability of highfield strength elements (HFSE; Hf, Nb, Ta, Ti, Zr, and P), large lithophile elements (LILE; e.g., Ba, K, Rb, Sr, Th, U, Pb, La, and Ce), transition elements (TRE; e.g., Co, Cr, Cu, Ni, V, and Sc), and rare earth elements (REE) concentrations were found in different degrees of alteration zones by the above mentioned authors. Moreover, HFSE and most of the transition metals (W, Mo, Cu, Sb), base and precious metals (Ag and Au), and some elements (e.g., Pb, As, Hg, Bi, Se, and Tl) are enriched in the hematitic-and somewhat enriched in the silicic-altered samples.
Results

Physical properties
Yağlıdere, Gelevera, and Harşit are the main rivers in the study area (Figures 1 and 2 ). The lengths of these rivers are 110 km, 80 km, and 160 km, and flow rate, are 96 m 3 /s, 105 m 3 /s, and 260 m 3 /s, respectively. The rivers are combined with a large number of streams of various lengths and flow rates. All rivers and most of the streams flow in all seasons.
The collected water samples were divided into 4 groups: river, stream, spring, and drainage. All water samples, except for spring, represent surface waters. Therefore, the state of equilibrium in the water temperatures is related to the air temperature. Temperature (T) of a significant proportion of the water samples was higher than 15 °C. The T of spring waters is generally lower than that of streams or rivers. The highest T was measured as 31.4 °C at the gallery discharged in the Harşit (Köprübaşı) abandoned mine. The sampled stream waters are contaminated by the abandoned mine discharging waters and the drainage waters from the mine galleries and ponds (Table 1 ).
An analysis of the results shows that river, spring, and most of the stream samples have EC values below the WHO (2008, 2011) maximum admissible limit (MAL), while the rest of the samples have EC values above the limit (Table 1) . Very high EC values with a mean of 603 μS/ cm and 39 mS/cm (G15b) were recorded in the 4 samples collected from the drainages at the nearest mine waste and deposits (Table 1; Figure 3 ). In general, EC values gradually decreased downstream from the mines, and the lowest EC value was measured in the river sample (Table 1, G31) . Extremely high EC values were measured at the Lahanos quarry mine drainages, while the lowest values were observed in some spring waters (Table 1) . Sulfate and the total alkali ions concentrations of the mine drainages were generally higher than those of the other water samples.
pH is an important indicator of the chemical composition of water, and so changing pH provides information about the dissolving capacity of the water.
The pH values ranged from 1.85 to 8.98, and the lowest values indicated the existence of AMD around the VMS deposits (Table 1; Figure 3 ). Most streams and mine drainages with very low pHs are often yellow, reddish, ochre, and greenish blue, and have higher metal contents than the rest of the water samples examined (Figures 4a-d,  5 ). The precipitation of dissolved metals, such as Fe and, Cu, mainly caused the coloring of the waters. For example, the iron concentrations in the blue-green stream samples (G2c) is nearly 12,000 and reddish-ochre (G2b) stream samples 7000 times higher than those in the nearest stream sample (G2a) (Tables 2a-c). The oxygenation of AMD promotes Fe precipitation, resulting in extensive yellow coatings on the streambed (Figure 4c ). The pH values of springs (except for G35) and mine drainages exhibit a strongly acidic character, while river water samples show nearly neutral or weakly alkaline pH values; stream samples display both acidic and neutral pH values.
The DO values of the samples range from 1.1 to 9.7 ppm, and the mean value is 6.81 ppm (Table 1; Figure 3 ). River and spring water samples mostly contain high DO relative to those of the other groups' samples. A slightly negative relation was observed between the EC and DO values, mainly in the mine drainages and partially in the stream samples.
Chemical properties
Nearly all of the element contents of the river samples are lower than those of the other studied waters and the WHO limits for drinking water. Significant differences can be observed between the measured Na values at the Ağalık, Karaerik, and Killik mines and at the other water points of the study area. The Na values of most of the water samples (25 samples) are below 20 ppm, and their chemical compositions are similar to those of natural waters. However, the Na values of 15 samples exceed the drinking water limit of 200 ppm, as recommended by the WHO (2008) . The Na contents of the Lahanos, Harşit, Siyezik, and Israil mine water samples are also higher than the recommended limit (Tables 2-4 ). The concentration of K ions is similar to that of Na, and K shows a strongly positive correlation with Na (r = 0.88) in all sample groups, except for stream waters. The safety limit of the element is 20 ppm WHO (2008) , and all river, spring, and stream samples contain less potassium than the limit, while all drainage waters exceed the limit (Tables 2-4). Extreme amounts of K in drinking water may cause dryness in the human body (Farid et al., 2012, reference therein) .
The Mg ion content shows variation over a wide range (min. 0.18 ppm, max. 1650 ppm) in a similar way to the Na and K ions. The Mg ion value of 25 samples is lower than the limit recommended by the WHO (2008) (30 ppm). Ca is the primary element that causes water hardness. The Ca ion concentrations are between 2.37 and 2516 ppm. The content of 8 samples is higher than 100 ppm, which is the recommended limit proposed by the WHO (Tables 2-4 ). The wide-ranging variation in the element contents that exceed the contents of natural waters may be impacted by the alteration degree and type of mining area. Usually, the waters in fields composed of carbonate rocks have high Ca concentrations. In the groundwater sources of the points affected by the mining activities, the Ca ion concentration was observed to be 100 ppm. The Ca ion value exceeds 100 ppm in the studied samples. The similarly high concentrations of Ba, Sb, and Se are also higher than the standard by 10 to 1000 times, which is frequently observed in the stream and drainage waters.
The minimum concentration of Al in the water samples was 1.0 ppb in the stream, with the maximum concentration being 7670 ppm in the drainage waters. Extremely low acidic conditions during the AMD may be caused by dissolving Al released as a result of the weathering of silicate minerals. Most of the water samples contain Al above the maximum acceptable concentration (MAC) of the WHO (2003 WHO ( , 2008 in drinking water (0.2 ppm). Dissolved Al concentrations in river waters with near-neutral pH values usually range from 0.001 to 0.05 ppm but rise to 0.5-1.0 ppm in more acidic waters (Tables 2-4) . The highest Cu concentration is measured at 4 stations (G3, G14, G15a, and 15b in drainage waters) with values ranging from 247 ppm to 3.2% (Table 4) . High Zn, Fe, Pb, and Cd concentrations are also recorded at the same places. The water samples have been contaminated by the draining water of the Karaerik abandoned mine and waste. The concentrations of other toxic metals (i.e. As, Ni, and Mo) are also too severe in these stations. Graphical plots of some the metals and contaminant trace elements at these sampling stations are presented in Figures 1 and 4 .
All of the collected water samples contain detectable levels of Cd and Pb, which have concentrations above the MAC (3 and 0.01 ppb, respectively) and maximum concentrations of 2.96 ppm and 2.80 ppm, respectively. The WHO's (2011) maximum contamination level is 10 ppb. Pb, conversely, gave an alarming result in 18 samples. The highest Pb content is found mainly in samples G3, 14, 15, and 51 ( Figure 5 ; Table 4 ). The Pb concentration of the river samples is below the WHO (2008, 2011) limit.
The concentrations of Fe, Zn, and Cu in nearly all of the stations are also extremely high, ranging from 0.5 ppb to 194 ppm, 0.5 ppb to 5.91 ppm, and 0.3 ppb to 3.21 ppm, respectively. In the river samples, the concentration of Zn is usually below 5 ppm, but some of the stream samples containing Zn at levels above 3 ppm may not be acceptable to consumers, and a partially negative correlation is observed between the Zn concentration and pH. In the study area, minimum Zn concentrations are found in the river water between <0.5 ppb and 214 ppb, whereas the Zn concentration is lower in the river water than in the other water samples. The highest concentrations are in the stream water and range from 4.5 ppb to 16 ppm. The Zn concentration is below the limit in all of the river and spring waters (Tables 2-4; Figure 5 ). The MAL of Zn in drinking water, as recommended by the WHO (2008) and USEPA (2001), is 5 ppm (Table 2; Figure 5 ).
The Se content is above the WHO (2008) limit, especially in some of the stream and drainage waters. The content of the element in the river and other water samples is lower than the detection limit, and the detection limit is higher than the WHO (2008) limit; therefore detailed comments could not be made on the Se toxicity of these waters (Tables 2-4) .
Cd concentrations are found to be higher than the WHO (2008) and USEPA (2001) acceptable maxima of 3 Table 3 . Chemical constituents of investigated stream water samples.
Unit G2a G2b G2c G10 G16a G16b G17a G17b G20 G23 G25 G36 G39 G40 G41 G43 ppb and 5 ppb, respectively, especially in the stream and drainages. The Co concentration is below the detection limit in half of the river and 2 stream waters. None of the river waters and few of the other samples contain Co above the limit. The highest Co concentrations are detected in 2 drainage waters (maximum 209 ppb) and 2 stream waters (maximum 78 ppb) (Table 4; Figure 5 ). The Cu concentrations around the mining sites (ponds and spring) are all within the maximum acceptable concentration of 2.0 ppm, but river water has no detectable Cu in the effluents.
The Ni concentrations appear to be higher than the acceptable contaminant level of the WHO (2008) standard of 70 ppb, with 3 samples above the limit (Tables 2-4 ). The highest Ni content is detected in G15b (1.94 ppb). The element concentrations in the other samples are generally below the WHO (2008) limit.
Environmental risk factor
Environmental risk factors for certain hazardous elements, e.g., Al, As, Fe, Cu, Cd, Mn, Pb, Sb, Tl, and Zn, were calculated for the studied water samples. To calculate the Table 3 ), and almost all of the hazardous elements were found to be risky elements. High-risk values were determined in all springs, except for G6, and in the drainage waters.
Discussion and conclusion
The strong acidity of the drainage waters indicates that the dissolution of contaminant elements and the formation of AMD at these sites are most likely due to the existence of sulfide minerals. Acidity is largely as a result of oxidation and hydrolysis processes of iron disulfide (FeS 2 ) minerals such as pyrite and chalcopyrite creating free hydrogen ions (H + ) and sulfuric acid (H 2 SO 4 ), acidifying the water (Gaikwad and Gupta, 2008, reference therein) . Some elements, i.e. As, Cd, Cr, Cu, Ni, Pb, Sb, and Zn, which are commonly classified as toxic contaminants, occur in low concentrations in the Earth's crust (Callender, 2003) . The contamination of the elements may cause low pH conditions permitting most of the elements related to ore processing, e.g., As, Cd, Cu, Fe, Pb, and Zn, to leach from the ores and their host rocks to pass in the solution phase and be moved from the system. The pH conditions of the spring and drainage waters were more acidic than those of the river waters, making them unsuitable for all living things that use the water. For instance, the investigated water drainages from the abandoned mine deposits or tailings have a pH of 2, which is highly acidic for living organisms, especially fish.
In the studied samples, the iron content varies from 0.5 ppb to 19.4 ppm in the drainage water. These values are related to the dissolution of Fe-containing minerals, e.g., pyrite and chalcopyrite, in strongly acidic water (pH 1.85-2.68) (Tables 1 and 2; Figure 3 ). The high Fecontaining waters show yellow to red discoloration due to the ferrous Fe oxidizing to ferric Fe, causing the water to turn an unpleasant reddish-brown color. Most of the river and part of the spring water samples fulfill the needed concentration of Fe in drinking water (0.30 ppm) set by the WHO (2008), whereas most of the stream and all of the drainage water samples have Fe concentrations above the limit and show discoloration, taste, odor, and a slimy coating (Figures 2a, b) . The influence of these waters is limited, and so they cannot cause a major problem for the health of the environment.
The Co concentration is below the detection limit in most of the river and some of the other samples (Tables  2-4 ). In the other samples, the Co concentration ranges from 0.1 to 558 ppb, with a maximum of 558 ppb. Although the maximum admissible limit of cobalt is not mentioned by the WHO (2008), its limit in drinking water given by the USEPA (2001) is 100 ppb (Table 2). Based on this limit, no risk is found in any of the waters, except for those of 2 streams.
The Mn content most of the stream water is generally higher than the MAC level. The health-based limit for manganese is 0.4 ppm, and the non-health-based limit is under 0.1 ppm (WHO, 2011) . The Mn contents of some samples are above the recommended value, and so the waters have a disagreeable taste and are black, with 1-to 2-cm-thick Mn coatings formed.
High Cu concentrations are detected in some of the stream and drainage samples. Cu leached from the mining wastes in the sampling areas because it is more soluble under acidic than alkaline environments (Garrels and Christ, 1965) . The large Cu concentrations in some of the waters are related to the discharge of water containing mine wastes because Cu is one of the predominant elements in these wastes. Dissolved Cu ions cause high Cu contamination and discoloration to a green to blue-green color in the waters (Figures 4c, d) . The WHO (2008) , USEPA (2001), and TSE 266 (2005) maximum admissible limits of Cu in drinking water are above 2 ppm, and so there are no health related risks due to the presence of Cu in the river, spring, and some of the stream waters in the study areas (Tables 2-4 ; Figure 5 ). However, nearly all of the drainage samples contain Cu at several to thousands of times the limit. The contamination of drinking water with high concentrations of Cu may cause chronic anemia (Acharya et al., 2008) . Four streams and nearly all of the drainage samples contained Cu at toxic levels.
Cd is one of the most hazardous and extremely toxic elements, and use of water high in Cd could cause severe health effects to consumers and even death (Hammer and Hammer Jr, 2004; Passos et al., 2010; Rajappa et al., 2010) . The highest Cd concentration is found in the drainages and some of the stream water sources from the waste of the Zn-Cd-rich mine deposits. The Cd concentration, chiefly in rivers and partly in streams and spring waters, is below the national and international limits, indicating that there is no significant environmental health risk. Pb is one of the most important heavy metals because it is very toxic, quite common, and hazardous even in small amounts (Mebrahtu and Zerabruk, 2011 and references therein), and can cause death or permanent damage to some organs (Mebrahtu and Zerabruk, 2011 and references therein) . In this study, the maximum Pb level (278 ppm) is found in the drainages, and the minimum level is below the detection limit (>0.1 ppb) in the river water samples. The Pb concentration is within the national and international drinking water limit (10 ppb) except for all of the drainage and some of the stream and spring waters. Although Zn is considered to be relatively harmless, extra amounts can cause system dysfunctions (Nolan, 2003) . In natural river waters and drinking waters, the concentration of Zn is mainly below 0.02 and 0.05 ppm, respectively (KabataPendias and Pendias, 1999; WHO, 2008) . Most of the stream and drainage waters contain Zn in quantities that are many times higher than the above-mentioned levels.
The mobility of Se increases with pH and under reducing conditions (Jordana and Batista, 2004) . High Se content, especially in some stream and drainage waters, is related to the hydrothermal alteration of the sulfide deposits and strongly acidic condition (pH ranges from 1.85 to 3.68, Table 1 ). Excess Se intake (>10 mg per day) can cause health problems, e.g., gastrointestinal disturbances, discoloration of the skin, and decayed teeth (Jordana and Batista, 2004 and reference therein; WHO, 2011 and reference therein).
The risk index values of the investigated samples are presented in Tables 2-4 . The hazardous element, e.g., Al, As, Cd, Cu, Fe, Mn, Ni, Pb, Se, and Zn, contents in 10 river water samples show no risk (I ER = 0), while 2 samples have low risk (I ER ≤ 3). Most of the stream, spring, and drainage waters present high and/or extremely high risk values. Al and Fe are the main contaminant elements in the river. Three stream samples, which are taken far from the pollution sources and close to the main river, show no risk. The other samples, taken close to the pollution sources, show high to extremely high values (from 5.3 to 3457). Fe is the most abundant contaminant element; Pb and Cd come second; Mn, Al, and Se come third; and Cu and Zn are the least abundant contaminants. Although Cu, Zn, and Se are necessary trace nutrients to living beings, the intake of these elements at high levels may create many negative side effects. Therefore, the harmful metals accumulated mainly in the stream waters can move up through the food chain because of the partial use of these waters.
Heavy rainfall and steep morphology discharges hazardous elements from abandoned and active mines and wastes to the nearby water sources in the studied area. The high concentrations of the hazardous elements, mainly in the stream and drainage waters, are above the WHO-specified maximum acceptable level in drinking water. The element concentrations are generally lower in the river samples than in the others. The obtained results show that some of the mines were unsuitably abandoned, and poorly managed tailing deposits caused the discharge of some toxic trace elements and heavy metals into the surface waters. The element concentrations from the source of pollution to the river decreased. The sulfide minerals of active and abandoned mines and taluses in the region generally contribute to the acidification of the groundwater. Low pH leads to dissolution and transportation of the some metals and toxic trace elements (i.e. Al, As, Fe, Cd, Cu, Pb, Mn, Pb, Tl, Se, and Zn) in the spring, stream, and drainage waters. Considering the results, essential precautions should be taken as soon as possible to avoid the contamination of surface and ground waters by extremely polluted mine waters. All mine tailings must be remediated (i.e. either removed or covered) to prevent the leaching of elements, especially As, Cd, Cu, Fe, Mn, Pb, and Tl. The data indicate that the river water can be used for drinking purposes far from the mine deposits. Some of the streams, the spring, and all of the drainage waters were polluted and unsuitable for consumption.
